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Jockey head injuries, especially concussions, are common in horse racing. Current 
helmets do help reduce the severity and incidences of head injury, but the high 
concussion incidence suggests that there may be scope to further improve the 
performance of equestrian helmets. Finite element simulations in ABAQUS/Explicit 
were used to model a realistic helmet model during standard helmeted rigid headform 
impacts and helmeted head model (UCDBTM) impacts. Current helmet standards 
determine helmet performance based solely on linear acceleration. Brain injury related 
values (stress and strain) from the UCDBTM showed that a performance improvement 
based on linear acceleration does not imply the same improvement in head injury related 
brain tissue loads. It is recommended to include angular kinematics in future equestrian 
helmet standards, as angular acceleration was seen to correlate with stress and strain in 
the brain. 
 
Keywords: Head impact; brain injury; concussion; sports helmets; horse racing. 
 
1. Introduction 
 
The use of helmets in equestrian jockeys is widespread, and it is mandatory 
equipment for a jockey in professional competitive racing. Equestrian jockeys, 
especially jump racing jockeys, fall very frequently and are at a high risk of suffering 
head injury (Forero Rueda et al. 2010). The helmet is a vital component in the 
jockey's equipment, and their use considerably reduces the risk of sustaining serious 
head injury (Harrison et al. 1996; Turner et al. 2002). 
Research into equestrian helmets considerably lags behind the technologies 
which are commonly used for other types of helmets. Nevertheless, due to the high 
incidence and risk of head injury of horse riders, horse riding helmets merit dedicated 
research. Research techniques such as FE modelling, which have been employed on 
other types of helmets could be applied to analyse existing equestrian helmet 
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standards and helmets in order to propose changes to improve the next generation of 
head protective measures for horse riders. 
Very few studies have considered evaluating helmet performance based on 
injury related parameters other than linear acceleration, such as rotational acceleration 
and brain tissue loads (Aare et al. 2003; Deck and Willinger 2006). These studies 
were done on motorcycle helmets. Particular focus has been applied to the energy 
absorbing foam liner and the shell for helmet optimization. As computer processing 
power and Finite Element Modelling (FEM) techniques improve with time, virtual 
testing is increasingly being used to assess motorcycle helmet performance. 
There have been many technical studies regarding bicycle helmets (Mills 
1990; Andersson et al. 1993; Mills and Gilchrist 2003; Depreitere et al. 2004; Van 
Lierde et al. 2005; Mills and Gilchrist 2006a,b; Mihora et al. 2007). These studies 
focus only on linear acceleration reduction and on the performance of the foam liner, 
in terms of energy absorption by measurement of force-displacement. Recently, there 
has been some consideration to oblique impacts (Verschueren 2009), but acceleration 
has been the only variable which has been used to assess head injury risk for bicycle 
helmet evaluation. 
Recently, in the studies by Forero Rueda et al. (2009) and Cui et al. (2009a), 
equestrian helmets have begun to be analysed with computational methods. The 
helmet performance was analysed not only by headform linear acceleration as in the 
current equestrian helmet standards (NSAI 1997, 2005), but also in terms of the 
internal behaviour of the helmet liner material. This gave a more complete picture of 
how the helmet absorbs impact energy, and how the helmet liner can be improved to 
reduce linear acceleration. 
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1.1 Finite Element head modelling 
 
Equestrian helmet designs are still only evaluated in terms of their ability to reduce 
linear acceleration. However, a criterion based on bulk mass kinematics cannot 
quantify the stresses or strains within the brain, which are the actual sources of brain 
injury. The use of FEM techniques allows the behaviour of brain tissue loads to be 
observed during a helmeted impact instead of only kinematic outputs such as head 
linear acceleration, as if the human head were only a rigid body. 
Tolerance levels of neural tissue are determined by the mechanical load on the 
tissue material. These loads are determined by stresses and strains. Research has been 
done into determining the tolerance of brain tissue experimentally (Margulies and 
Thibault 1992; Galbraith et al. 1993; Miller et al. 1998; Anderson et al. 1999; Bain 
and Meaney 2000), and in correlating neural tissue loads to actual injury types 
through FE modelling (Shreiber et al. 1997; Miller et al. 1998; Anderson et al. 1999; 
Baumgartner et al. 2001; Willinger et al. 2000; Willinger and Baumgartner 2003; 
Zhang et al. 2004; Kleiven 2007). It is important to emphasize that FE-based 
thresholds are limited by the model's choice of constitutive parameters for the strain 
and stress based measures and the modelling strategy of the skull-brain interface for 
all measures. With careful selection of material properties, current FE brain models 
are able to output biofidelic orders of magnitude for brain loads (Kleiven and Hardy 
2002; Horgan and Gilchrist 2003, 2004). In this manner, it is possible to establish 
comparative trends between different external load cases. 
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1.2 Brain tissue loads 
1.2.1 Von Mises stress 
It has been found that Von Mises stress is a good indicator of concussion from studies 
conducted by correlating FE reconstruction results and actual injury from the 
reconstructed impacts (Baumgartner et al. 2001). The upper limit for intracerebral 
Von Mises stress for concussion was found to be around 15 kPa. Other results 
(Willinger et al. 2000) determined a critical value of Von Mises stress of 20 kPa. 
Real-life accidents involving motorcyclists, pedestrians and football players were 
reconstructed (Willinger and Baumgartner 2003). It was found that a Von Mises stress 
level of 18 kPa had a 50% risk for moderate neurological lesions, and a Von Mises 
stress level of 38 kPa for sev re neurological lesions. The model used by Baumgartner 
et al. (2001) was validated against limited experimental data, which limits the 
reliability of the magnitudes obtained from these studies. 
Von Mises stress levels were also analysed from experiments done on 
miniature pig heads and FE modelling (Miller et al. 1998). Depending on the 
particular modelling approach, it was found that peak Von Mises stresses of 9.1-44.5 
kPa gave a 50% probability of axonal injury and 7-8.6 kPa for a 50% chance of 
contusion. Anderson et al. (1999) suggested levels of 8-16 kPa for diffuse axonal 
injury based on an experimental and FE study with sheep heads. A FE model of 
cerebral contusions in the rat was developed and compared to experimental injury 
maps demonstrating blood-brain barrier breakdown (Shreiber et al. 1997). The values 
for Von Mises stress were in the range of 6.1 to 10.8 kPa, but no statistical 
significance was found relating these quantities to injury. 
In a more recent FE study by Kleiven (2007), the region of the corpus 
callosum showed the highest correlation with injury, with a 50% probability of 
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concussion to be related to a Von Mises stress of 8.4 kPa. These levels are within the 
values observed by Shreiber et al. (1997). 
1.2.2 Longitudinal strain 
 
Margulies and Thibault (1992) proposed human injury tolerance curves for DAI and 
milder forms of axonal injury such as cerebral concussion. They suggested critical 
strain for moderate to severe DAI ranges from 5% to 10%. Galbraith et al. (1993) 
carried out experiments to determine the levels of elongation required to damage the 
squid giant axon. They showed that a stretch ratio of 1.12 resulted in reversible injury, 
that axons subjected to elongation above 20% never fully recovered, and that 
structural failure resulted wh n axons were stretched by more than 25%. 
Bain and Meaney (2000) carried out stretching experiments on the right optic 
nerve of an adult male guinea pig. The liberal threshold, intended to minimize the 
detection of false positives, was a strain of 0.34, and a conservative strain intended to 
minimize the detection of false negatives, was 0.14. The optimal threshold strain 
criterion that balanced the specificity and sensitivity measures was 0.21. Similar 
comparisons for the electrophysiological impairment produced liberal, conservative 
and optimal strain thresholds of 0.28, 0.13 and 0.18 respectively. Zhang et al. (2004) 
also investigated MTBI with respect to strain, and found brain strain levels of 25%, 
50% and 80% probability of MTBI to be about 0.14, 0.19 and 0.24 respectively. 
Zhang et al. (2004) also pointed out that these limits would vary depending on the 
material properties of the model used. Kleiven (2007) reports similar levels of 
maximum principal strain to those previously mentioned values for DAI and 
contusions. He reports a 50% probability of concussion is found for a level of 0.21 in 
the corpus callosum and 0.26 in the grey matter. 
Page 5 of 39
URL: http://mc.manuscriptcentral.com/gcmb
Computer Methods in Biomechanics and Biomedical Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
1.3 What this study offers 
 
In this study, impact simulations using a FE human brain model, the University 
College Dublin Brain Trauma Model (UCDBTM) (Horgan and Gilchrist 2003), in 
conjunction with various equestrian helmet models were performed and compared 
with impact simulations done with a standard headform. This was done to determine 
whether and how a rigid headform could reflect brain tissue loads. As seen before, 
previous study has shown that there are relationships between brain tissue loads (Von 
Mises stress and longitudinal strain) and brain injuries. The output parameters of the 
UCDBTM are compared to the rigid headform outputs to determine how a rigid 
headform could be used to reflect actual brain tissue loads within the human brain. 
2. Method 
2.1 Head Models 
2.1.1 Rigid headform model 
 
Two different types of head models will be used in this study. The first model is the 
rigid headform model, which was used to record linear and angular acceleration. The 
headform (size designation 575, mass 4.7 kg) solid geometry was generated from 
spherical coordinate points specified in the European headform standard EN 960:2006 
(NSAI 2006). The size of the headform had a good fit with the interior of the helmet 
liner. In the present study, a rigid material definition was used by establishing a rigid 
body constraint between the headform mesh and a reference point at the centre of 
mass of the headform. This was considered to be a good approximation to the actual 
laboratory test as the headform is considerably more rigid than any other helmet 
component; therefore energy absorbed by the headform can be ignored. Additionally, 
acceleration measurements are more convenient as the centre of mass acceleration can 
be easily retrieved from the centre of mass reference point. Computational time is 
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greatly reduced, and acceleration measurements can be done at exactly the centre of 
mass. A material section was assigned to the headform in order to assign the adequate 
density to accurately represent the mass and inertial properties of the headform. 
2.1.2 UCDBTM 
 
The UCDBTM (Horgan and Gilchrist 2003, 2004) was developed in University 
College Dublin to simulate real life impact scenarios and relate injury types and 
severities to various engineering values that have been found to correlate with 
different types of head injury. The model was compared with cadaver tests, showing 
good agreement with the results (Horgan and Gilchrist 2004). 
The resulting 3-dimensional finite element model of the skull-brain complex 
consists of scalp, three-layered skull (cortical and trabecular bone), dura, 
cerebrospinal fluid (CSF), pia, falx, tentorium, cerebral hemispheres, cerebellum and 
brain stem. The material properties used in the model were defined by Horgan and 
Gilchrist (2003, 2004). 
The brain tissue load measures analysed in this study using the UCDBTM 
were Von Mises stress and maximum principal strain, which have been verified to 
cause brain injury. Pressure in the brain was also analysed for comparative purposes. 
It needs to be noted that recent literature (Kleiven 2007) has shown that pressure does 
not correspond well with the mechanisms that lead to brain injury, but it was included 
to see if the results from this study agreed with the results from Kleiven (2007), and 
how pressure fares against Von Mises stress and maximum principal strain when 
compared to headform outputs. 
2.2 Helmet modelling 
2.2.1 Foam liner material 
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The foam liner is modelled in ABAQUS/Explicit using the crushable foam model 
with a volumetric hardening rule in conjunction with the linear elastic model 
(ABAQUS 2009). The hardening behaviour for the polymeric foam is defined by the 
constitutive stress-strain relationship. The stress-strain curve for the polymeric foam 
is a function of foam density. The constitutive model for EPS foams of various 
densities used in the current study have been tested and determined, with good 
agreement with laboratory tests done up to 85% strain (Cui et al. 2009b). The foam 
curves were defined up to 95% strain to account for a larger portion of the 
densification region, to model the “bottoming out" of the foam. 
2.2.2 Shell and other components 
 
The outer helmet shell is modelled as a linear elastic material and the rubber ring at 
the lower edge of the helmet is modelled as a rubber elastomer with Poisson's ratio 
approaching 0.5 (almost incompressible). When it is not mentioned otherwise, the 
shell stiffness used in most of this study was of 7.25 GPa, typical of that of most 
equestrian racing helmets in the market. The foam block between the shell and foam 
liner is modelled as a hyperelastic elastomeric compressible foam with material 
constants specified by experimental test data using the ABAQUS hyperfoam model 
(ABAQUS 2009). The foam block in the actual helmet is made of low density 
elastomeric PE foam of 21 kg/m3 density. The purpose of the foam block is to bond 
the shell and liner together and also to leave a small gap between the shell and liner to 
allow the shell to deform and absorb some energy before the foam liner crushes in an 
impact. The individual parts of the helmet are shown in Figure 1. 
 
FIGURE 1 NEAR HERE 
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2.2.3 Helmet configurations 
 
Once the material models were defined, it was possible to generate different helmet 
geometries. The headform and UCDBTM were used with four different helmet 
configurations (Figure 2), to also compare how the headform and UCDBTM measure 
relative performance between helmet types. The helmet models used in this study 
were a baseline helmet with a common equestrian racing helmet design and uniform 
density liner (Fig 2 a, named “Baseline"), a functionally graded foam (FGF) liner 
helmet model (Figure 2 b, named “FGF") and two helmet types (without and with an 
air gap) with a thicker liner and discrete layer configuration (Figure 2 c and d, named 
“Type I" and “Type II" respectively). Material properties for the helmet shells and 
liners are shown in Table 1. The properties for the foam block and rubber ring were 
kept constant for all helmets. 
TABLE 1 NEAR HERE 
 
FIGURE 2 NEAR HERE 
 
The Baseline helmet (Figure 2 a) solid geometry was generated based on 
curves and CAD models obtained from equestrian racing helmets common in the 
market. The geometry of the helmet resembles a typical helmet design, but is not an 
exact copy of any particular helmet available on the market. The helmet is a typical 
size 57 (2 ½), which is one of the most commonly used helmet sizes of equestrian 
jump jockeys. The liner density for the baseline helmet is a typical 64 kg/m3. 
The FGF helmet model (Figure 2 b) had the same geometry of the baseline 
helmet model, with the difference that the foam liner was assigned a FGF liner 
configuration as had previously been done by Cui et al. (2009a). The FGF liner 
gradients used were the same as in Cui et al. (2009a), which were seen to have the 
best performance with respect to the baseline helmet (for a given impact speed and 
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position) when evaluated using headform linear acceleration. The gradient foam was 
simulated by dividing the foam liner into 10 layers and assigning a density to each 
layer according to the desired gradient. 
Based also on the baseline helmet model, the Type I helmet configuration 
generated (Figure 2 c) is that of a helmet with no air gap but with a thicker liner. This 
helmet model does not have a rubber ring or a foam block. A layered density liner 
configuration was added to capitalize on the added thickness and improve 
performance at both low and high impact energies. The helmet liner was divided in 
three equal thickness layers as had been done by Forero Rueda et al. (2009). The 
density layer configuration used was 50-50-25 kg/m3 from the inside of the helmet 
liner to the outside. 
The Type II helmet model (Figure 2 d) was made by scaling the thickness of 
the helmet by an additional 50%, while keeping the dimensions of the foam block and 
the air gap the same as in the baseline helmet. The liner was divided into three layers 
of equal thickness as in Forero Rueda et al. (2009), and the layers were assigned a 64-
25-25 kg/m3 density configuration from the inside to the outside. In this case, the shell 
stiffness was increased to 50 GPa (the stiffness of a carbon fibre reinforced polymer) 
to allow the load to spread more on the large portion of low density foam present in 
the liner of this helmet. 
2.3 Flat anvil impact simulations 
 
To study the impact performance of the helmet design according to the headform and 
UCDBTM, helmet performance was measured at a range of impact severities and 
impact positions. Vertical impacts were simulated with three impact speeds (45° Side, 
45° Front and Crown as in Figure 3). The helmet impacts were done at three impact 
speeds by applying them to the helmet-head assembly which was brought within 1 
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mm distance from the flat anvil. The impact speeds were 4.4, 5.4 and 7.7 m/s as 
specified by the EN1384 and EN14572 (NSAI 1997, 2005) flat anvil test 
specifications. These impact speeds correspond to laboratory drop heights of 1, 1.5 
and 3 m. In total, 36 simulation results were analysed, from simulations done with 
four helmet types (Figure 2), three impact positions (Figure 3), and three impact 
speeds, low, medium and high (4.4, 5.4, 7.7 m/s). 
FIGURE 3 NEAR HERE 
2.3.1 Result analysis 
 
The flat anvil impact test results for both the headform and UCDBTM for the baseline 
helmet, the FGF helmet and helmet Type I were compared between each other. This 
was done to determine if the headform outputs reflected similar relative performance 
between helmet models than the UCDBTM outputs. From the simulation results, 
twenty-seven pairs of data were obtained for the baseline helmet, helmet type I and 
helmet Type II, three impact speeds and three impact positions. The relationship 
between the headform outputs and the UCDBTM outputs was analysed by fitting a 
linear regression for each of the sets of 27 points and calculating its linear parameters 
and determination coefficient R2. The headform outputs were taken as the 
independent variable and the UCDBTM outputs were taken as the dependent variable. 
3. Results 
3.1 Comparison between Baseline, FGF and Type I helmet 
 
The Baseline, FGF and Type I helmets are compared in terms of headform linear 
acceleration and UCDBTM stress and strain outputs. This is to investigate whether 
helmets that were seen to improve on linear acceleration reduction with respect to the 
baseline improved in terms of brain tissue loads, which are the actual causes of brain 
injury. It needs to be noted that pressure in the cerebrum has been found to be 
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unrelated to brain injury, but it is still analysed here to compare it with stress and 
strain in the brain (for pressure results see Appendix A). 
Table 2 shows the corresponding headform linear acceleration results. Table 3 
shows the peak and average Von Mises stress within the cerebrum for three helmet 
types, three impact positions, and three impact speeds. When calculating the average 
stress, the stress for each element is weighted by its volume. 
TABLE 2 NEAR HERE 
 
TABLE 3 NEAR HERE 
 
For the FGF helmet case, it can be seen that the change in peak Von Mises 
stress and average Von Mises stress varies considerably from case to case. The peak 
Von Mises stress increases up to 5.2% while it decreases up to 18.3% when compared 
to the values obtained for the baseline helmet. There is an increase of peak Von Mises 
stress for five of the nine impact cases. This contrasts with the linear acceleration 
results, where linear acceleration always decreased when compared to the baseline 
helmet. A similar behaviour is seen for the average Von Mises stress. Five out of nine 
impact cases exhibited an increase, while linear acceleration always decreased. 
For the Type I helmet, it is seen that the peak Von Mises stress decreases for 
all nine impact cases; this decrease varies from 3.9 to 24.3%. Linear acceleration 
always decreases for helmet Type I when compared to the baseline helmet, but the 
decrease tends to be larger than the peak Von Mises stress decrease. The Type I 
helmet peak Von Mises stress decrease averaged 11.5% while its average linear 
acceleration decrease was of 27.7%. 
When looking at the average Von Mises stress, only 5 out of 9 impact cases 
showed a decrease. This contrasts with the constant decrease in linear acceleration. 
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The observed reductions were considerable (up to 26.6%) but so were the increases 
(up to 16.2%). 
Table 4 shows the peak and average maximum principal strain results. As 
mentioned before, longitudinal strain has been seen to be one of the important brain 
loads which lead to brain injury along with stress. Refer to Table 2 to compare with 
the corresponding headform accelerations. 
TABLE 4 NEAR HERE 
 
The FGF helmet does not reduce peak maximum principal stresses in the 
cerebrum as it does with linear acceleration. Five out of 9 cases showed an increase in 
peak maximum principal strain. For the average maximum principal strain only two 
cases showed an actual decrease. For both peak and average maximum principal 
strain results, the reductions present were comparatively smaller than those for the 
linear acceleration cases. 
The Type I helmet manages to reduce peak maximum principal strain for 8 out 
of 9 impact cases, but the reductions tend to be lower than those of linear acceleration 
(range of 2.6-21.2% compared to 23.6-48.5%). For the average maximum principal 
strain case, only 2 out of the 9 impact cases showed a decrease. 
Results for peak positive and negative pressure are shown in Appendix A. It is 
seen how the pressure results contrast with the peak Von Mises and peak maximum 
principal strain results; positive pressure reduces with a similar trend as that of linear 
acceleration. 
3.2 Relationship between headform and UCDBTM outputs 
 
In this section it is investigated whether there is a relationship between outputs that 
could be obtained from a laboratory setting using a helmeted headform (linear and 
angular acceleration) and outputs from the helmeted UCDBTM (stress, strain and 
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pressure). The intention of this is to find if it is possible to use a standard headform 
with added instrumentation to measure quantities that better reflect the behaviour of 
the brain material as seen by a head finite element model such as the UCDBTM. In 
the same fashion, it is also possible to study the potential of using other additional 
headform outputs to analyse comparative helmet performance which reflect the 
changes observed in the UCDBTM when applying it to other helmet models. 
3.2.1 Linear acceleration 
 
From the regression results, it can be seen that even though UCDBTM outputs tend to 
increase with increased linear acceleration, the only variable to have a good 
correlation with linear acceleration was the maximum positive pressure (Figure 4). 
The remaining UCDBTM output variables had much lower correlations between 0.17 
for the maximum negative pressure (Table B1) and 0.24 for average Von Mises stress 
(Figure 5). For the average Von Mises stress vs. linear acceleration it is possible to 
see that there could be two distinct linear relationships with two distinct slopes, one 
above and one below the fit line of Figure 5. When the source of the points above the 
fit line (of Figure 5) was investigated it was seen that all the points above the fit line 
belonged to the 45° Side impact position (Figure 6). 
FIGURE 4 NEAR HERE 
 
FIGURE 5 NEAR HERE 
 
FIGURE 6 NEAR HERE 
 
Significant correlations for the maximum Von Mises stress and maximum 
principal strain were found for the 45° Side impact position separated from the other 
impact positions (Table B1). In some cases, when the 45° Side position was 
considered separately, the other two positions had a good correlation with linear 
acceleration without being separated, as in the case of average Von Mises stress or 
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average maximum principal strain (see Table B1). Further analysis was done in an 
analogous manner for each impact position separately. The lowest correlation was 
seen for the maximum negative pressure while the highest correlations were seen for 
the maximum positive pressure (obtained with all impact positions combined) and 
maximum Von Mises stress (when separating 45° Side from the other two positions). 
In the cases of maximum Von Mises stress, maximum negative pressure and 
maximum principal strain, considerably different slopes were observed for the 
different impact positions (Table B1). This was seen especially for the 45° Side 
impact position which was usually higher than for the rest of the positions. This 
indicates the higher sensitivity of the head model to side impacts due to its higher 
sensitivity to changes in linear acceleration. The better correlation obtained when 
separating impact positions indicates that there seems to be a considerable influence 
of the impact position on the correlations between the headform output linear 
acceleration and the UCDBTM output variables. 
3.2.2 Angular acceleration 
 
When the rotational acceleration results from the standard headform are analysed with 
the UCDBTM variable outputs by keeping all impact positions together, it is seen that 
angular acceleration has a good correlation with maximum and average Von Mises 
stress and maximum and average maximum principal strain while its correlation with 
positive pressure is very low (Table B2). These results contrast against the linear 
acceleration case, where the only good correlation occurred with positive pressure. 
The correlation of angular acceleration with Von Mises stress and with positive 
pressure is shown in Figures 7 and 8. From Figure 8 it is seen that there could 
possibly be at least two distinct data sets that might correspond to different impact 
positions. After closer analysis, this is confirmed. By separating the 45° Side impact 
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position from the other two positions, the relationship between angular acceleration 
and maximum positive pressure increases dramatically (Figure 9). 
FIGURE 7 NEAR HERE 
 
FIGURE 8 NEAR HERE 
 
FIGURE 9 NEAR HERE 
 
For most of the UCDBTM variables, separating the impact positions does not 
significantly improve correlation with angular acceleration (see Table B2). The only 
variable that had considerably higher correlation was the maximum positive pressure. 
It is also important to note that the maximum negative pressure frequently had the 
lowest correlation of all variables, even after separating the impact positions. 
Rotational acceleration seems to correlate better with the UCDBTM outputs 
for all combined impact positions better than linear acceleration. An increase or 
decrease of angular acceleration seems to better reflect an increase or decrease of a 
good proportion of the studied UCDBTM output variables. Rotational acceleration 
does this without having to differentiate between impact positions, which means that 
it inherently accounts for impact position sensitivity. 
The sensitivity to changes in angular accelerations of positive pressure was 
different for different impact positions. In these cases, correlation increased 
dramatically by separating the 45° Side impact positions from the other positions in 
the analysis, as previously seen in Figure 8 and 9. Separating the impact positions 
from each other in the analysis had little effect on improving the correlation between 
angular acceleration and the UCDBTM outputs for the remaining outputs. The results 
show that angular acceleration has a similar sensitivity to impact position as most of 
the analysed UCDBTM output variables. 
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4. Discussion 
 
A reduction in linear acceleration in the helmet standard tests does not necessarily 
mean a reduction in injury related UCDBTM outputs. This confirms the findings in 
this study where it was seen that linear acceleration alone did not have good 
correlation with most of the UCDBTM output variables. Helmets which were seen to 
improve on linear acceleration did not necessarily improve on brain tissue loads. 
Linear acceleration was seen to have a high correlation with peak positive 
pressure, but not stress or strain in the brain. When separating the data by impact 
position, correlations with the UCDBTM outputs improved dramatically. This 
indicates that linear acceleration sensitivity of the UCDBTM outputs is different for 
each impact position, which in turn indicates the impact position sensitivity of the 
UCDBTM. 
Angular acceleration could be used as a measure to predict UCDBTM stress 
and strain values with less need to consider impact directions individually. While 
angular acceleration has low correlation with maximum pressure values, which are 
reflected by linear acceleration, it is important to realise that pressure does not 
correlate to brain injury when brain tissue stresses and strains are considered (Kleiven 
2007). 
The results obtained for angular acceleration show a high correlation with 
stress and strain UCDBTM outputs which suggests that angular acceleration is 
important when actual injury mechanisms of human brain tissue are considered. 
Angular acceleration was seen to encompass the sensitivity of the human head to 
impacts in different directions, because it shows impact direction sensitivity similar to 
that of many of the UCDBTM output variables. In contrast, linear acceleration 
seemed to always have a different correlation with UCDBTM outputs depending on 
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impact direction. This indicates that it is more difficult to predict brain tissue loads, 
and hence injury risk, based on linear acceleration only. 
Even though the UCDBTM brain properties were derived from experimental 
tests, the model cannot be used to determine a specific injury risk as it still needs to be 
matched with a large number of real world head impacts, both with and without 
injuries, to generate adequate injury risk curves. Nevertheless, the UCDBTM has a 
mechanical behaviour similar to that of the actual human brain (Horgan and Gilchrist 
2004). With this in mind, it is still possible to use the UCDBTM to establish 
comparative trends between impact scenarios, to determine how a change in external 
loads affects changes in brain stress and strain. Orders of magnitude of the results 
seen in this study are within those of previous research. It can be seen that peak Von 
Mises stress and peak maximum principal strains can be reduced significantly with 
the use of improved helmet designs and that linear acceleration reduction does not 
necessarily imply reduction in brain tissue loads. 
5. Conclusion 
 
The results of this study show that a standard headform, modified to record angular 
acceleration around three coordinate axes could prove useful for predicting injury 
risk. A change in linear acceleration would not reflect the same change in injury 
related tissue loads such as stress or strain, while rotational acceleration is seen to 
reflect these changes more accurately. It was seen that angular acceleration seemed to 
reflect the values and sensitivity of the side impact stress-strain response of the brain 
material. Therefore, angular acceleration measurements could be included in 
headform impacts even when there is not an evident angular acceleration source as in 
the case of glancing impacts; in this case angular acceleration was generated as the 
headform load does not pass through the centre of mass and is not concentrated on 
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one point. Angular accelerations were generated due to the inertial properties of the 
headform. The headform inertial properties and its shape contribute in increasing the 
impact sensitivity of the headform to different impact positions (especially the side 
impact), which in turn reflects the impact position sensitivity of the UCDBTM output 
variables. 
The head injury related tissue loads from the UCDBTM are sensitive to impact 
position. Therefore, it is possible to say that the reduction of UCDBTM outputs with 
respect to a helmet design change depends heavily on impact position. The headform 
parameter that best reflected impact position influence was angular acceleration. This 
indicates that changes based on angular acceleration would best reflect changes in 
UCDBTM stress and strain outputs. All of this suggests that angular acceleration is 
more important for the purposes of predicting brain injury than linear acceleration. 
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Appendix A. Intercranial pressure analysis 
 
Kleiven (2007) has shown that pressure does not correspond well with the 
mechanisms that lead to brain injury. This section analyses the pressure outputs of the 
UCDBTM in the same fashion as stress and strain were analysed in previous sections. 
This was done to determine if the techniques and methods used in this study lead to 
similar conclusions in terms of pressure to those in the work by Kleiven (2007). 
The study by Kleiven (2007) found a pressure in the grey matter of 65.8 kPa to 
be related to a 50% probability of concussion. This is within the values obtained by 
Zhang et al. (2004). Nevertheless, Kleiven (2007) noted that even though there is a 
high correlation of positive pressure with concussion, pressure does not influence 
brain tissue strain associated with diffuse injury, and does not reflect injury patterns. 
The pressure response of human cadaver heads was investigated and a linear 
relationship was seen between pressure and linear acceleration (Nahum and Smith 
1976; Nahum et al. 1977). Ward and Thompson (1975) carried out simulations of 
animal and human cadaver tests and aircraft accidents. They proposed that pressures 
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above 235 kPa would result in serious injury while pressures below 173 kPa would 
result in minor injury or no injury. 
Zhang et al. (2004) found that the peak positive pressures at the coup site 
ranged from 53 to 130 kPa for cases with injury outcome (concussion) and from 40 to 
101 kPa for non-injury cases. Mean values for coup pressure were 90±24 kPa and 
61±17 kPa for injury and non-injury cases respectively. For the contrecoup region the 
peak negative pressures varied from 48 to 128 kPa for injury impact and from 20 to 
78 kPa for non-injury impacts. Mean values for contrecoup pressures were 76±26 kPa 
and 41±18 kPa for injury and noninjury cases respectively. The model used by Zhang 
et al. (2004) was only validated against limited experimental data and the number of 
cases analysed was limited, which reduces the reliability of these results. 
A.1 Comparison between Baseline, FGF, and Type I helmet in terms of peak 
pressure results 
 
For the FGF helmet case, peak pressure in the brain was seen to decrease in 5 out of 9 
times (Table A1). Reductions were high when present. While the peak pressure did 
not show a consistent decrease for all impact cases like in linear acceleration (Table 
2), it can be seen that the decreases in pressure correspond to those cases where the 
linear acceleration reduction was largest. Negative peak pressure was seen to decrease 
in magnitude for 8 out of 9 cases but there seems to be little or no relation between the 
magnitude of the reduction in negative pressure with that of linear acceleration. 
TABLE A1 NEAR HERE 
 
For the Type I helmet, both positive and negative pressure was reduced when 
compared to the baseline helmet for all impact cases, just like in the case of linear 
acceleration. The percent reduction for pressure was often higher (5 out of 9 times) 
than that of linear acceleration. The average percent reduction for positive pressure 
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was 32.2% and negative pressure was of 42.6% while the linear acceleration reduction 
average was of 27.7%. 
Appendix B. Summary results for correlation analyses 
 
TABLE B1 
 
TABLE B2 
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Figure 1. Parts of helmet model.  
175x183mm (96 x 96 DPI)  
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Figure 2. The four helmet con_gurations used in this study: a)Baseline, b)FGF, c)Type I, d)Type II.  
275x289mm (96 x 96 DPI)  
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Figure 3. Simulated impact positions.  
326x98mm (96 x 96 DPI)  
 
Page 26 of 39
URL: http://mc.manuscriptcentral.com/gcmb
Computer Methods in Biomechanics and Biomedical Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
 
  
 
 
Figure 4. Linear acceleration against maximum positive pressure.  
230x168mm (200 x 200 DPI)  
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Figure 5. Linear acceleration against average Von Mises stress.  
233x168mm (200 x 200 DPI)  
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Figure 6. Linear acceleration against average Von Mises stress separating 45° Side from the other 
two impact positions.  
233x168mm (200 x 200 DPI)  
 
Page 29 of 39
URL: http://mc.manuscriptcentral.com/gcmb
Computer Methods in Biomechanics and Biomedical Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
 
  
 
 
Figure 7. Angular acceleration against maximum Von Mises stress (all impact positions).  
236x168mm (200 x 200 DPI)  
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Figure 8. Angular acceleration against maximum positive pressure (all impact positions).  
233x168mm (200 x 200 DPI)  
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Figure 9. Angular acceleration against maximum positive pressure when separating 45° Side from 
45° Front and Crown.  
233x168mm (200 x 200 DPI)  
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Table 1. Material properties for helmet shells and liners. *As in Cui et al. (2009a). 
Helmet Liner density (kg/m3) Shell stiffness (GPa) 
Baseline (a) 64 7.25 
FGF (b) FGF density* 7.25 
Type I (c) 50-50-25 7.25 
Type II (d) 64-25-25 50 
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Table 2. Peak linear acceleration for Baseline, FGF and Type I helmet. 
 Linear Acc. (g) 
Impact Case Baseline FGF (% change) Type I (% change) 
45° Front Low 159 134.6 (-15.3) 117.8 (-25.9) 
45° Front Med 198.3 190.4 (-4) 147.3 (-25.7) 
45° Front High 320.8 315.7 (-1.6) 261.2 (-18.6) 
45° Side Low 165 136.5 (-17.3) 124.5 (-24.5) 
45° Side Med 199 186.4 (-6.3) 148.4 (-25.4) 
45° Side High 317.5 315.7 (-0.5) 229.4 (-27.7) 
Crown Low 161.9 151.8 (-6.2) 123.7 (-23.6) 
Crown Med 211.8 208.0 (-1.8) 149.0 (-29.6) 
Crown High 428.2 426.7 (-0.4) 220.6 (-48.5) 
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Table 3. Peak and average Von Mises stress in the brain for Baseline, FGF and Type I 
helmet. 
 Peak (Pa) Average (Pa) 
Impact Case Baseline FGF (% change) Type I (% change) Baseline FGF (% change) Type I (% change) 
45° Front Low 5777 5334 (-7.7) 4851 (-16.0) 650 530 (-18.5) 489 (-24.7) 
45° Front Med 6242 6262 (0.3) 5395 (-13.6) 748 722 (-3.5) 593 (-20.7) 
45° Front High 7000 7088 (1.3) 6445 (-7.9) 969 997 (2.9) 879 (-9.3) 
45° Side Low 5510 4501 (-18.3) 4876 (-11.5) 821 782 (-4.8) 868 (5.7) 
45° Side Med 6379 6071 (-4.8) 5888 (-7.7) 961 1001 (4.2) 1078 (12.2) 
45° Side High 8828 10329 (17.0) 8481 (-3.9) 1323 1105 (-16.5) 1537 (16.2) 
Crown Low 4593 4446 (-3.2) 3475 (-24.3) 441 462 (4.8) 376 (-14.7) 
Crown Med 5033 5293 (5.2) 4837 (-3.9) 496 536 (8.1) 511 (2.9) 
Crown High 6434 6639 (3.2) 5512 (-14.3) 857 930 (8.5) 629 (-26.6) 
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Table 4. Peak and average maximum principal strain in the brain for Baseline, FGF 
and Type I helmet. 
 Peak Average 
Impact Case Baseline FGF (% change) Type I (% change) Baseline FGF (% change) Type I (% change) 
45° Front Low 0.118 0.115 (-2.5) 0.101 (-14.7) 0.013 0.011 (-15.4) 0.010 (-22.7) 
45° Front Med 0.127 0.129 (1.6) 0.115 (-9.6) 0.014 0.014 (0.0) 0.012 (-13.0) 
45° Front High 0.142 0.143 (0.7) 0.139 (-2.3) 0.018 0.019 (5.6) 0.018 (-1.2) 
45° Side Low 0.111 0.097 (-12.6) 0.103 (-7.0) 0.016 0.016 (0.0) 0.018 (10.4) 
45° Side Med 0.129 0.127 (-1.6) 0.124 (-3.6) 0.019 0.02 (5.3) 0.022 (15.7) 
45° Side High 0.180 0.201 (11.7) 0.175 (-2.6) 0.026 0.021 (-19.2) 0.031 (20.0) 
Crown Low 0.097 0.094 (-3.1) 0.076 (-21.2) 0.009 0.01 (11.1) 0.008 (-14.6) 
Crown Med 0.099 0.113 (14.1) 0.099 (0.2) 0.010 0.011 (10.0) 0.010 (1.8) 
Crown High 0.130 0.135 (3.8) 0.117 (-10.2) 0.017 0.018 (5.9) 0.013 (-24.9) 
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Table A1. Peak positive and negative pressure in the brain for Baseline, FGF and 
Type I helmet. 
 Peak Positive (kPa) Peak Negative (kPa) 
Impact Case Baseline FGF (% change) Type I (% change) Baseline FGF (% change) Type I (% change) 
45° Front Low 273 199 (-27.1) 174 (-36.3) 127 83 (-34.6) 60 (-52.8) 
45° Front Med 272 281 (3.3) 219 (-19.5) 163 119 (-27.0) 69 (-57.7) 
45° Front High 427 428 (0.2) 342 (-19.9) 200 175 (-12.5) 107 (-46.5) 
45° Side Low 222 128 (-42.3) 160 (-27.9) 162 81 (-50.0) 118 (-27.2) 
45° Side Med 250 198 (-20.8) 193 (-22.8) 161 132 (-18.0) 146 (-9.3) 
45° Side High 330 360 (9.1) 239 (-27.6) 177 198 (11.9) 162 (-8.5) 
Crown Low 262 152 (-42.0) 132 (-49.6) 51 42 (-17.6) 23 (-54.9) 
Crown Med 306 240 (-21.6) 173 (-43.5) 66 52 (-21.2) 25 (-62.1) 
Crown High 424 427 (0.7) 241 (-43.2) 77 71 (-7.8) 27 (-64.9) 
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Table B1. Summary regression statistics for UCDBTM outputs against headform Linear Acceleration. 
 Intercept Slope R2       
Von Mises Stress 3205.1 12.505 0.52       
Av. V. M. Stress 372.79 2.0058 0.24       
Max. Principal Strain 0.072038 0.0002382 0.47       
Av. Max. Ppal Strain 0.008295 3.65E-05 0.2       
Max Pos Press 54.311 0.96739 0.8       
Max Neg Press 39.336 0.2874 0.17       
          
          
 Intercept 45° Side Slope 45° Side R2 45° Side Intercept Others Slope Others R2 Others    
Von Mises Stress 1971.4 23.513 0.91 3386.1 9.5929 0.57    
Av. V. M. Stress 497.05 3.1759 0.61 229.31 1.8814 0.68    
Max. Principal Strain 0.04756 0.00046142 0.88 0.075364 0.00017955 0.52    
Av. Max. Ppal Strain 0.011149 5.86E-05 0.5 0.0052582 3.45E-05 0.66    
Max Pos Press 49.53 0.86057 0.84 63.229 0.98349 0.84    
Max Neg Press 52.228 0.4456 0.57 22.426 0.26775 0.19    
          
          
 Intercept 45° Front Slope 45° Front R2 45° Front Intercept 45° Side Slope 45° Side R2 45° Side Intercept Crown Slope Crown R2 Crown 
Von Mises Stress 3567.4 11.73 0.9 1971.4 23.513 0.91 2847.7 9.4396 0.78 
Av. V. M. Stress 173.03 2.6824 0.96 497.05 3.1759 0.61 196.44 1.5972 0.92 
Max. Principal Strain 0.079852 0.00022128 0.9 0.04756 0.00046142 0.88 0.063564 0.00017828 0.77 
Av. Max. Ppal Strain 0.0045128 4.80E-05 0.96 0.011149 5.86E-05 0.5 0.0044237 3.01E-05 0.91 
Max Pos Press 45.444 1.1958 0.96 49.53 0.86057 0.84 58.414 0.90293 0.85 
Max Neg Press 3.2239 0.57377 0.69 52.228 0.4456 0.57 6.743 0.16337 0.59 
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Table B2. Summary regression statistics for UCDBTM outputs against headform Angular Acceleration. 
 Intercept Slope R2       
Von Mises Stress 3426.8 0.54694 0.72       
Av. V. M. Stress 231.42 0.13377 0.79       
Max. Principal Strain 0.075047 1.07E-05 0.7       
Av. Max. Ppal Strain 0.0050781 2.60E-06 0.75       
Max Pos Press 169.01 0.016924 0.18       
Max Neg Press 17.356 0.019617 0.57       
          
          
 Intercept 45° Side Slope 45° Side R2 45° Side Intercept Others Slope Others R2 Others    
Von Mises Stress 2073.7 0.70352 0.88 2973.6 0.78351 0.7    
Av. V. M. Stress 545.01 0.089184 0.52 154.21 0.15163 0.82    
Max. Principal Strain 0.051919 1.34E-05 0.8 0.067147 1.48E-05 0.66    
Av. Max. Ppal Strain 0.012359 1.59E-06 0.4 0.003853 2.79E-06 0.81    
Max Pos Press 41.052 0.02784 0.94 40.742 0.073358 0.86    
Max Neg Press 45.032 0.014896 0.68 -6.6964 0.028066 0.4    
          
          
 Intercept 45° Front Slope 45° Front R2 45° Front Intercept 45° Side Slope 45° Side R2 45° Side Intercept Crown Slope Crown R2 Crown 
Von Mises Stress 3869.8 0.60715 0.76 2073.7 0.70352 0.88 2180.5 0.94261 0.86 
Av. V. M. Stress 232.78 0.14196 0.85 545.01 0.089184 0.52 108.11 0.15033 0.9 
Max. Principal Strain 0.085446 1.15E-05 0.77 0.051919 1.34E-05 0.8 0.051969 1.74E-05 0.81 
Av. Max. Ppal Strain 0.0055267 2.56E-06 0.86 0.012359 1.59E-06 0.4 0.0027754 2.82E-06 0.88 
Max Pos Press 74.778 0.062388 0.83 41.052 0.02784 0.94 -6.6354 0.090625 0.94 
Max Neg Press 21.816 0.028431 0.54 45.032 0.014896 0.68 -7.7898 0.017428 0.74 
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